We report herein our results for locked nucleic acid (LNA)-type oligonucleotides containing pyrene residues. Pyrene has a large hydrophobic and planar surface area and is therefore a potential intercalating unit; furthermore, it is interesting as a fluorescent tag when covalently bound to DNA. Synthesis and hybridization of conformationally locked universal base surrogates are described together with efficient interstrand communication as shown by the formation of pyrene excimer bands for duplexes containing 2'-N-(pyren-1-yl)methyl-2'-amino-LNA monomers positioned in a zipper-like manner within a DNA duplex.
INTRODUCTION

Universal bases and locked furanose conformations
An ideal universal base analog forms isoenergetic base pairs with each of the natural DNA bases (nucleotides). Such bases have attracted much attention owing to their potential utility in the design of oligonucleotide primers for degenerate polymerase chain reaction (PCR) or as hybridization probes when the identity of a base in the target sequence is unknown. Many of the known universal base analogs are nonhydrogen bonding, hydrophobic, and planar aromatic moieties that stabilize duplex DNA by stacking interactions [1] . Promising universal bases with a 2-deoxy-β-D-ribofuranosyl moiety have been reported, e.g., 3-nitropyrrole [2] , 5-nitroindole [3] , isocarbostyril [4] , 8-aza-7-deazaadenine [5] , and pyrene derivatives [6] , but generally significant duplex destabilization has been observed. Thus, while incorporation of one of these monomers into a DNA strand induces little variation in the duplex melting temperature (T m value; used as a measure for duplex stability) when placed opposite the four natural DNA bases, decreases in the T m value of between 4-10 °C per universal nucleotide monomer, compared to the T m value of the corresponding fully complementary reference DNA:DNA duplex, are typical [1] [2] [3] [4] [5] [6] [7] .
While the T m value variations exhibited by oligonucleotides containing a pyrenyl DNA monomer (Fig. 1, Py) [6, 8] toward the four natural bases in a complementary DNA strand are small, the average T m values were moderately depressed (-4.5 to -6.8 °C) compared to the unmodified DNA:DNA duplex. We envisioned that the binding affinity for universal hybridization could be improved by enforcing a locked furanose conformation of the nucleotide containing pyrene as aglycon. Therefore, we decided to synthesize the locked nucleic acid (LNA) and α-L-LNA derivatives Py L and ␣L Py L , respectively. LNA [9] [10] [11] [12] [13] (Fig. 1) is defined as an oligonucleotide containing one or more 2'-O,4'-C-methylene-β-D-ribofuranosyl nucleotide monomer(s) [10] , and is characterized by very high binding affinity and efficient Watson-Crick discrimination when hybridized with single-stranded DNA or RNA targets [9] [10] [11] [12] [13] [14] [15] . Also, α-L-LNA-containing oligonucleotides display very efficient recognition of both DNA and RNA targets [16] . Whereas Py L is based on the 2'-O,4'-C-methylene-β-D-ribofuranosyl moiety known to be preorganized in a locked C3'-endo (N-type) RNA-like furanose conformation, its diastereoisomer ␣L Py L is based on the 2'-O,4'-C-methylene-α-L-ribofuranosyl moiety (also preorganized in a locked C3'-endo furanose conformation). α-L-LNA-containing oligonucleotides have been shown to structurally mimic DNA by CD and NMR studies of duplexes, and α-L-LNA/DNA mixmer strands hybridize to DNA with overall duplex geometry of the B-type and with preserved Watson-Crick base pairing [17] . Therefore, the pyrenyl α-L-LNA monomer ␣L Py L should furnish information on the effect of the pyrenyl aglycon when locked in a DNA-like conformation, and allow direct comparison with Py L locked in an RNAlike conformation. In addition, the corresponding phenyl analogs Ph L and ␣L Ph L were also synthesized (Fig. 1) .
RESULTS AND DISCUSSION
Synthesis of the LNA-type phosphoramidite building blocks 7a and 7b [18, 19] Synthesis of the phosphoramidite building blocks 7a and 7b suitable for incorporation of the LNA-type aryl C-glycosides Ph L and Py L is shown in Scheme 1. Commercially available 1,2:5,6-di-O-isopropylidene-α-D-allofuranose was converted into aldehyde 4 in 26 % overall yield. Nucleophilic addition of phenyl and 1-pyrenyl Grignard reagents to aldehyde 4 yielded diastereoselectively 5a and 5b, respectively [18, 19] , in analogy to similar syntheses of other C-glycosides of LNA [20] [21] [22] . The diols 5a and 5b were cyclized under Mitsunobu conditions (TMAD, PBu 3 ) to afford the bicyclic β-configured C-nucleoside derivatives, which, upon oxidative removal of the p-methoxybenzyl protection groups with DDQ, furnished the diols 6a and 6b, respectively. Selective 5'-O-dimethoxytritylation followed by 3'-O-phosphitylation afforded the phosphoramidite building blocks 7a and 7b. The configurations of compounds 5-7 were assigned based on 1 H NMR spectroscopy, including NOE experiments. In addition, a single-crystal X-ray diffraction structure of the phenyl analog 6a verified the assigned constitution and relative configuration as well as the locked N-type furanose conformation [19] . 
Synthesis of the ␣-L-LNA-type phosphoramidite building blocks 17a and 17b [23]
The above protocol for synthesis of C-aryl nucleosides of LNA (Scheme 1) inspired the formulation of a general approach toward synthesis of phosphoramidite building blocks 17a and 17b suitable for incorporation of the α-L-LNA-type aryl C-glycosides ␣L Ph L and ␣L Py L (Scheme 2). 1,2:5,6-Di-O-isopropylidene-α-D-glucose (8) remaining mesylate with an acetate followed by methanolysis and then protection of the primary hydroxy group with a p-methoxybenzyl moiety furnished the 2,5-dioxabicyclo[2.2.1]heptane derivative 11. The bicyclic compound 11 was converted in 83 % yield to the monocyclic aldehyde 12 (enantiomer of aldehyde 4, Scheme 1). As expected, reaction of the aldehyde 12 with phenyl or pyrenyl Grignard reagents, therefore, exclusively yielded the S-epimers 13a and 13b, respectively. For synthesis of the desired 2'-O,4'-C-methylene-α-L-ribofuranosyl nucleosides, epimerization at C1' (nucleoside numbering) was required, and oxidation of the furanoses 13a and 13b followed by reduction with sodium borohydride afforded the desired R-epimers 15a and 15b, respectively. The diols 15a and 15b were each efficiently cyclized under Mitsunobu conditions to afford the bicyclic α-L-configured C-aryl nucleosides 16a and 16b. Oxidative removal of the p-methoxybenzyl protection groups followed by 5'-O-dimethoxytritylation of the primary hydroxyl groups and subsequent phosphitylation using standard conditions furnished the desired phosphoramidite building blocks 17a and 17b (Scheme 2) [23] .
Synthesis and thermal denaturation studies of oligonucleotides containing LNA monomers Ph L and Py L and ␣-L-LNA monomers ␣L Ph L and ␣L Py L All oligonucleotides ON2-ON9 (Table 1) were prepared in 0.2 µmol scale using the phosphoramidite approach on a Biosearch 8750 DNA synthesizer. The stepwise coupling efficiencies of phosphoramidites 7a, 17a, and 17b (10 min coupling time) and of phosphoramidite 7b (20 min coupling time) were >96 % and of unmodified deoxynucleoside and 2'-O-methylribonucleoside phosphoramidites >99 % (with standard coupling time) using 1H-tetrazole as activator (pyridine hydrochloride was used as activator when coupling 17b). After standard deprotection and cleavage from the solid support using 32 % aqueous ammonia (12 h, 55 °C), the oligomers were purified by precipitation from ethanol. The composition of oligomers ON2, ON3, and ON5-ON9 was verified by MALDI-MS analysis and their purity (>80 %) by capillary gel electrophoresis [19, 23] . The hybridization of the oligonucleotides ON1-ON9 (Table 1 ) toward four 9-mer DNA targets with the central base being each of four natural bases was studied by thermal denaturation experiments (determination of T m values). Compared to the DNA reference ON1, introduction of the phenyl LNA monomer Ph L (ON2) resulted in reduced thermal stability of the duplexes, and universal hybridization was not achieved due to preferential binding to the target DNA with the central adenine monomer. The B. R. BABU et al.
pyrene LNA monomer Py L (ON3) displayed more encouraging properties. Firstly, the binding affinity toward all four components was increased compared to ON2. Secondly, universal hybridization was accomplished as shown by the four T m values all being within 17-19 °C. With respect to universal hybridization, Py L thus parallels the pyrene DNA derivative Py, but the decrease in thermal stability compared to the ON1:DNA reference duplex was more pronounced for Py L (∆T m~ -10 °C) than reported for Py (∆T m~ -5 °C, Py incorporated into a 12-mer DNA sequence) [6] .
To study the effect of the Py L in duplexes containing RNA-type oligonucleotides, we synthesized ON4 and ON5, out of which ON4 was the reference RNA-mimicking oligonucleotide composed entirely of 2'-OMe-RNA monomers. As improved binding affinity is considered important for universal hybridization probes [1] , we constructed ON5 as a mixture of six 2'-OMe-RNA monomers, one central pyrenyl LNA monomer Py L , and two affinity-enhancing LNA thymine monomers T L . Indeed, the 2-OMe-RNA/LNA chimera ON5 displayed universal hybridization behavior as revealed by the measured T m values (37-40 °C). It is important to note that all four T m values obtained for ON5 are higher than the T m values obtained for the two fully complementary reference duplexes ON1:DNA (T m = 28°C) and ON4:DNA (T m = 35 °C). These results demonstrate that the pyrene LNA monomer Py L displays universal hybridization behaviour both in a DNA context (ON3) and in an RNA-like context (ON5), in the latter case with satisfactory binding affinities induced by the presence of affinity-enhancing monomers [19] .
The hybridization of the oligonucleotides ON6-ON9 containing ␣L Ph L / ␣L Py L towards DNA targets was studied at medium and high salt concentrations. Introduction of the phenyl α-L-LNA monomer ␣L Ph L (ON6) reduced the thermal stability of the resulting duplexes very significantly, even when combined with two thymine α-L-LNA monomers (monomers ␣L T L , ON8) known to be affinity-enhancing in this sequence context [24] . Interestingly, incorporation of one pyrenyl α-L-LNA monomer ␣L Py L (ON7) induced T m values being only moderately reduced relative to those of the DNA reference ON1 (under both medium and high salt conditions). A weak positive effect on the T m values was in this case induced by the introduction of two thymine α-L-LNA monomers (ON9). It is apparent from the studies on ON7 and ON9 that the pyrenyl α-L-LNA monomer ␣L Py L displays a subtle preference for "pairing" with a guanine monomer (most pronounced under medium salt conditions). Fluorescence studies suggested that the pyrene moiety of the pyrenyl α-L-LNA monomer ␣L Py L interacts with base stacking, possibly by intercalation [23] .
Comparison of the pyrenyl LNA monomer Py L (ON3) and the pyrenyl α-L-LNA monomer ␣L Py L (ON7) reveals several interesting differences. Under medium salt conditions, the affinity was determined to be significantly lower for Py L , but the hybridization with the four DNA target strands is more universal. However, the performance of the pyrenyl α-L-LNA monomer ␣L Py L as a universal base is improved under high salt conditions [T m values = 30-34 °C (ON7) and 33-36 °C (ON9)].
We have shown that universal hybridization is possible with a conformationally restricted RNA-like monomer exemplified by the pyrene LNA monomer Py L , both in a DNA context (ON3) and in an RNA context (ON5). Universal hybridization can also be achieved with conformationally locked DNA-mimicking monomers as exemplified by the pyrenyl-α-L-LNA monomer ␣L Py L (ON7 and ON9). Importantly, we have shown that the general problem of decreased affinity of universal hybridization probes can be solved by combining the pyrene LNA monomer Py L with affinity-increasing monomers (2'-OMe-RNA and LNA monomers), or by the use of the pyrenyl-α-L-LNA monomer ␣L Py L , preferably in combination with α-L-LNA monomers. 
